The I^J^^ = 0+1 + Tetraquark State 
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We study the tetraquark state with l'^ J^^ = O"''!"^ in the QCD sum rule. We exhaust all 
possible flavor structures by using a diquark-antidiquark construction and find that the flavor struc- 
ture (3 ® 6) ® (6 (g) 3) is preferred. There are altogether four independent currents which have the 
quark contents qsqs. By using both the Shifman-Vainshtein-Zakharov (SVZ) sum rule and the finite 
energy sum rule, these currents lead to mass estimates around 1.8 — 2.1 GeV, where the uncertainty 
is due to the mixing of two single currents. Its possible decay modes are S-wave 6i (1235)7) and 
6i(1235)r;', and P-wave KK, rjrj, rjr]' and rj'rj' , etc. The decay width is around 150 MeV through a 
rough estimation. 
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Manifestly exotic hadron states which are not reached 
by three quarks for baryons and a quark-antiquark pair 
for mesons provide one of the most important subjects in 
hadron physics. The confirmation of their existence (or 
nonexistence) and the study of their structure are of great 
importance for the understanding of strong interaction 
dynamics at low energy 1']. 

Quantum numbers can tell whether a hadron is exotic 
or not. For instance baryons with strangeness S = +1 
and mesons with J^*-^ = 1 are such states. For 
the baryon sector, the pentaquark 8+ has been stud- 
ied intensively since 2003 f^]. But the existence is still 
controversial. For the meson sector, the tti mesons of 

jGjPC ^ 1-1- 

+ are listed as manifestly exotic states in 
the PDG for some time 0, 0, [5l|, and a lot of theoreti- 
cal considerations have been made [6, 7]. So far, many 
of them are for the isovector 7=1 states. In principle, 
an isoscalar state is also possible, though not observed 
experimentally [7]. We have performed the QCD sum 
rule analyses of the light scalar mesons (a, k, fo and ao), 
y(2175) and tti mesons ii- All our results are consis- 
tent with the experimental observations. Encouraged by 
this, we would like to extend the QCD sum rule analy- 
sis using tetraquark currents for these l'^ J^'-^ = 0+1 ^ 
states. 

The QCD sum rule requires a computation of a two- 
point correlation function in the form of operator prod- 
uct expansion (OPE), which is then fitted by a phe- 
nomenological function to extract physical hadron prop- 
erties [l3|- To calculate the OPE, we need employ an 
interpolating field (current) which couples to the phys- 
ical state we consider. For tetraquarks, there are sev- 
eral independent currents and it is important to estab- 
lish how one or some of them should be chosen. We 
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FIG. 1: Weight diagrams for 6f(g)6f (S) (top panel), 3f ®3f (A) 
(middle panel), and 3f ® 6f (M) (bottom panel). The weight 
diagram for 6f ®3f (M) is the charge-conjugation transforma- 
tion of the bottom one. 



have systematically performed the classification of cur- 
rents by using the diquark-antidiquark ((qq)(qq)) con- 
struction The currents constructed from the quark- 
antiquark pairs {{qq){qq)) can be written as a combi- 
nation of these {{qq){qq)) currents. We note here that 
the mixing can happen between hybrid states, tetraquark 
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states, and even six-quark states, while the currents can 
also couple to all these states. However, it always makes 
sense to clarify what a single channel problem tells us 
before entering more sophisticated coupled channel prob- 
lems. Therefore, here we concentrate exclusively on the 
tetraquark properties with some details. 

The tetraquark currents with the quantum numbers 
J^*-^ = 1 ^ have been constructed in our previous pa- 
per 0. Now we need construct the isoscalar ones. The 
flavor structures are shown in Fig. [T] in terms of SU (3) 
weight diagrams. The ideal mixing scheme is used since 
it is expected to work well for hadrons except for the 
pseudoscalar mesons. In order to have a definite charge- 
conjugation parity, the diquark and antidiquark inside 
can have the same flavor symmetry, which is either sym- 
metric 6f ®6f (S) or antisymmetric 3f ®3f (A). Another 
option is the combination of 3f ® 6f and 6f ® 3f (M), 
which can also have a definite charge-conjugation parity. 

From Fig. [TJ we find that there are althgether six 
isospin singlets: 



qqqq{S) , qsqs{S) , ssss{S) ~ 6f (8) 6f (S) , 
qqqq{^) , QsqsiA) ~ 3f ® 3f (A) , (1) 
qsqs{M) - (3f (g) 6f ) © (6f (g) 3f ) (M) , 



where q represents an up or down quark, and s repre- 
sents a strange quark. For each state, there are several 
independent currents. We list them in the following. 



1. For the three isospin singlets of 6/ ® 6/ (S): 



2. For the two isospin singlets of 3/ (g) 3/ (A): 



+uIC'^f,'^5Sb{Uaj5Csl - 
U^CY Sb[Ua(Tf^^Csl - 
+U^C(J ^.uSbiUal" Csl - 

+ slCjf,j5Sb{Saj5Csl 4 

s'^Cj'^Sbisaa^^Cs'^ - 

+ s1C(J^,ySb[SaYCsl - 



+ Ub-ff,-f5Cd^) 
\- Ub'jsCd^) , 

- UbCTf^yCS^) 

■ UbYCS^a) , 

I- Uh75 Cs^) , 

UbYCsl) . 

f Sbl^,l5Csl) 

- Sbl^Csl) , 
Sb(y^iuCsl) 



(2) 



(3) 



(4) 



where rjf^ and Tyf^ are the two independent currents 
containing only light fiavors; 773^ and rjf^ are the 
two independent ones containing one ss pair; 77^^ 
and 77g^ are the two independent ones containing 
two ss pairs. 



n^ 



- ulCj5db{ua7tJ^75Cd[ - Ubjf,'j5Cd^) 

-u'^C-ff,-f5db{Uaj5Cd^ - Ub-f^CS^) , 

- u^CY db{uaCr,_,vCS^ + Ubcr^vCS^) 
-ulCa^,db{uaYCS^ + UbYC^) , 

^ UaCj5Sb{Ua1,il5Csl - UbJfj.JsCsJ) 
'uIC-ff,-f5Sb{Ual5Csl - UbJsCsl) , 

- U^CYSbiUaCTfivCsl + UbCr^_,yCsl) 

-u^Ca ^j^uSbiual" CsJ -f UbYCsl) , 



(5) 



(6) 



where ryj^ and 77^ are the two independent currents 
containing only light flavors; rjf^ and 77^ are the 
two independent ones containing one ss pair. 

3. For the isospin singlet of (3/® 6/) ©(6/® 3/) (M), 



^ ulC'Jfj.SbiUaCsl 
+u'^CSb{UaJij.Csl - 



-UbCsl) 
Ublt^Csl) , 



~ uiCa^^-i5Sb{uaYlbCsl 

+U^CYlbSb{UaC^tiulbCsl 



VubYl^Csl) 
UbCf^ulbCsl) 



~ u'^Csbiua'y^iCsl - Ub-^^Csl) 

+U^C-f^Sb{UaCsl - UbCsl) , 

uf^CYlbSb{Ua<y^ulbCsl - Ub(J^_,ulbCsl) 

+ulC(j^^-izSb{uaYlbCsl - UbYlbCsJ^) , 



'(7) 



where r;*^ are the four independent ones containing 
one ss pair. The above structure has some impli- 
cations on their decay patterns. 

The expressions of Eqs. (HI)-© are not exactly correct, 
since they do not have a definite isospin. For instance. 



the current rj^^ should contain 



dsds) in order 



to have / = 0. However, in the following QCD sum rule 
analysis, we find that there is no difference between these 
two cases in the limit that the masses and condensates of 
the up and down quarks are the same. Actually we also 
ignore a small quark mass effect (to„ ~ < 10 MeV). 

By using these tetraquark currents, we have performed 
the OPE calculation up to dimension 12. Values for var- 
ious condensates and mg follow the references [1, |Tl[. 
There are altogether 14 currents. It turns out that some 
of them lead to the same results of OPEs as the previous 
ones in Ref. @: 7?f,2,3,4/. ^ ^f,2,3,4/. S, viA^i ^ f?^2M Hi' 
and rif^2,3,4fj. ~ 0- Therefore, we just need cal- 

culate the OPEs of 775 6^ and T]f_2fj.- The full OPE expres- 
sions are too lengthy and are omitted here. 

In our previous paper we have found that the OPEs 
of the currents 77^^, 's and r/f^ 's lead to unphysical results 
where the spectral densities p{s) become negative in the 
region of 2 GeV^ < s < 4 GeV^. We find this to be the 
case also for the isoscalar currents. Therefore, our QCD 
sum rule analysis does not support a tetraquark state 
which has a flavor structure either 6f 6f or 3f g) 3f and 
a mass less than 2 GeV. 

We shall discuss only the currents of the mixed flavor 
symmetry. We find there is only one set of four indepen- 
dent currents as given in Eqs. ([7]), unlike the isovector 
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The currents rjf j^ and tj^ have the largest mass difference, 
so we study their mixing as an example: 



Imix 



sin^ry^ 



(8) 



where is the mixed angle. We calculate its OPE, and 
find that the resulting spectral density is just: 



FIG. 2: The mass of the state qsqs calculated by using the 
current ryl^i, as functions of M% (left) and so (right) in units 
of GeV. 



case which have two sets. The spectral densities calcu- 
lated by the mixed currents are positive for a wide range 
of s, and the convergence of OPE is very good in the 
region of 2 GeV^ < Mg < 5GeV^ as in our previous 
study 0. In general, the pole contribution should be 
large enough in the SVZ sum rule. However, the pole 
contributions of multiquark states are rather small due 
to the large continuum contribution. Therefore a careful 
choice of the threshold parameter is important in order 
to subtract the continuum contribution. 

When using the SVZ sum rule, the mass is obtained 
as functions of Borel mass Mb and threshold value sq. 
As an example, we show the mass calculated from cur- 
rents 772^ in Fig. [21 The Borel mass dependence is weak, 
as shown in the upper figure; the sq dependence has a 
minimum where the stability is the best, as shown in the 
bottom figure. The minimum is around 2.0 GeV, which 
we choose to be our prediction. The other three inde- 
pendent currents rjfj^, rj^j^ and 774^ lead to similar results, 
which are around 2.1 GeV, 1.9 GeV and 2.0 GeV respec- 
tively. 

When using the finite energy sum rule, the mass is 
obtained as a function of the threshold value sq, which is 
shown in Fig. [3l There is also a mass minimum around 



ptL = cos^^p*^ + sin2 



(9) 



2.1 GeV, 1.9 GeV, 1.9 GeV and 2.0 GeV for currents 77^^, 
?7^, 7?!^ and 77^ respectively. In a short summary, we 
have performed a QCD sum rule analysis for qsqs. The 
mass obtained is around 2.0 GeV. We label this state 
cri(2000). 




FIG. 3: The mass calculated using the finite energy sum rule. 
The labels besides the lines indicate the suffix i of the current 

nft (i = I,-- - ,4). 



We can also study the mixing of these four currents. 



The obtained mass is shown in Fig. 3] as functions of 
9. When we take sq = 3.5 GeV^ (solid line), the mass 
maximum is 2.05 GeV, and the minimum is 1.85 GeV. 
Therefore, we arrive at the similar result which produces 
the mass around 2 GeV. We can also consider the mix- 
ing of other currents, which would not change the results 
significantly due to the similarity of single currents. The 
mass estimates are around 1.8 — 2.1 GeV, where the un- 
certainty is due to the mixing of two single currents. 
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FIG. 4: The mass calculated using the finite energy sum rule, 
and for the mixed current rj^i^. The curves are obtained by 
setting So = 3.5 GeV^ (solid line), 4 GeV^ (short-dashed line) 
and 5 GeV^ (long-dashed line). 



Now let us discuss its decay properties as expected 
from a naive fall-apart process. As shown in Eqs. ([7]) 
the currents contain one ss pair. Therefore, we expect 
that the final states should also contain one ss pair. In 
order to spell out the possible spin of decaying parti- 
cles and their orbital angular momentum, we need per- 
form a Fierz rearrangement to change {qq){qq) currents 
to {qq){qq) ones. For illustration, we use one of the four 
independent {qq){qq) currents Q: 



(10) 



All terms of this current have the structure 
{qaj'^j5qa)iqbl5qb)- Therefore, the expected decay 
patterns are: (1) 1+ and 0~ particles with relative 
angular momentum L = 0, and (2) 0~ and 0~ particles 
with L = I. 

For the S'-wave decay, we expect the following two- 
body decay patterns 



G tPC 



0+1"+) ^ ai (1260)77, 0177',- ■ 
5i (1235)77, 6i77'--- 



(11) 
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If we consider, however, the G parity conservation, the 
fist Hne is forbidden and the second Une is the only one 
allowed. These modes can be observed in the final states 
LDirrj and ujirrj' . 

For the P-wave decay, we expect (with the G parity 
conservation): 

CTi(/'^J'^^ = 0+1"+) ^ K K, Tjrj, r]?]', r]' 7]' (12) 

We can also estimate the (partial) decay width through 
the comparison with the observed 7ri(2015) which has 
Ttot ~ 230 MeV. Assuming that the decay of 7ri(2015) 
solely goes through 5- wave bin and that of (Ti(2000) 
through bif], we expect Ta^^biTj ^ 160 MeV, as they are 
proportional to the S'-wave phase space. For the P-wave 
decay there is an information 7ri(2015) ryV, which 
corresponds to (Ti(2000) — > ry'ry (Because both 7ri(1600) 
and 7ri(2015) have been observed in the final states ttt]' 
other than irrj, we choose rji]' to be the final states of 
(Ti(2000) other than KK and 7777). Assuming once again 
that this is the unique decay mode, we expect that the 
decay width is approximately 130 MeV. If the decay oc- 
curs 50% through biir {birj) and 50% through ryV (rj'Tj), 
we expect that Fo-j '^150 MeV. 

In summary, we have performed the QCD sum rule 
analysis of the exotic tetraquark states with I'-^J^'^ = 
0+l~+. We test all possible flavor structures in the 



diquark-antidiquark (qq)(qq) construction, 6 ® 6, 3 (E) 3 
and (3®6)0(6®3). We find that only the mixed currents 
of the flavor structure (3 (g) 6) © (6 (81 3) allow a positive 
and convergent OPE, and there is only one choice with 
the quark content qsqs, which have four independent cur- 
rents. We have then performed both the SVZ sum rule 
and the finite energy sum rule. The mass estimates are 
around 1.8 — 2.1 GeV, where the uncertainty is due to 
the mixing of two single currents. The possible decay 
modes are 5-wave 61(1235)77 and 61(1235)77', and P-wave 
KK, rjrj, rjrj' and 77'7;', etc. The decay width is around 
150 MeV through a rough estimation. Here we want to 
note that we do not know how to determine the mixing 
angle, which is an interesting problem. 
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